The latency-related (LR) gene of herpes simplex virus type 1 (HSV-1) is transcriptionally active during HSV-1 latency, producing at least two LR-RNAs. The LR gene partially overlaps the immediate-early gene ICPO and is transcribed in the opposite direction from ICPO, producing LR-RNAs that are complementary (antisense) to ICPO mRNA. The LR gene is thought to be involved in HSV-1 latency. We report here the fine mapping and partial sequence analysis of this HSV-1 LR gene. 32P-labeled genomic DNA restriction fragments and synthetic oligonucleotides were used as probes for in situ hybridizations and Northern (RNA) blot hybridizations of RNA from trigeminal ganglia of rabbits latently infected with HSV-1. The two most abundant LR-RNAs appeared to share their 5' and 3' ends and to be produced by alternative splicing. These LR-RNAs were approximately 2 and 1.3 to 1.5 kilobases in length and were designated LR-RNA 1 and LR-RNA 2, respectively. Their 5' ends started approximately 1,210 nucleotides downstream from the 3' end of the ICPO mRNA. Their 3' ends overlapped ICPO by nearly 1,000 nucleotides. LR-RNA 1 appeared to have at least one intron removed, while LR-RNA 2 appeared to have at least two introns removed. The LR-RNAs contained two potential long open reading frames, suggesting the possibility that one or more of the LR-RNAs may be a functional mRNA.
Herpes simplex virus type 1 (HSV-1) establishes latent infections in humans with subsequent periods of reactivation (1, 4, 7, 10, 15, 16, 22) . After primary HSV-1 infection at a peripheral site, the virus travels down nerves to ganglionic neurons. There it establishes a life-long latent infection. At various times, some of the latent virus in the neurons reactivates and returns to the original peripheral site via axons. There it can cause virus shedding and clinical disease.
Recently it has been shown that HSV-1 is not completely dormant during latency. A region of the HSV-1 genome near the immediate-early gene ICP0 is transcriptionally active during latency (3, 19, 21, 24, 25) . The latency-related (LR) RNA produced is complementary (antisense) to ICP0 mRNA (21, 24, 25) and partially overlaps the 3' (left) end of the ICP0 gene (21, 24, 27) . At least two LR-RNAs, with apparent sizes of approximately 1.8 to 2.2 kilobases (kb) (2 kb) and 1.3 to 1.5 kb, map to this location (21, 24) . We show in this report that these two LR-RNAs appear to share their 5' and 3' ends and that they are probably the result of alternative splicing.
The HSV-1 genome is a linear, double-stranded DNA molecule consisting of two unique sequence regions (unique long and unique short) bounded by inverted terminal repeat sequences. The LR gene maps to the BamHI B restriction fragment (21) and is within the HSV-1 inverted long repeat. Thus, the LR gene is diploid, with a second copy in the terminal long repeat.
At present the only evidence for involvement of these LR-RNAs in latency is their presence in latently infected ganglionic neurons. Nonetheless, the assumption has been that these LR-RNAs play a role in the establishment and/or * Corresponding author. maintenance of HSV-1 latency. Further characterization and analysis of these LR-RNAs should lead to a determination of their functions. Hopefully, this may eventually allow successful intervention in human HSV-1 latency.
In this study we employed Northern (RNA) blot analysis, in situ hybridization, and partial sequence analysis to characterize and fine map this LR gene. In situ hybridizations and Northern blot hybridizations were performed with a series of synthetic oligonucleotides based on the DNA sequence of this region. The major LR-RNA transcripts began approximately 1,210 nucleotides downstream from the ICP0 mRNA. The 3' end of the LR gene overlapped the 3' end of ICP0 by approximately 1,000 nucleotides. The LR gene produced at least two LR-RNAs, presumably by alternative splicing. Sequence analysis revealed two potential open reading frames (ORFs).
MATERIALS AND METHODS
Virus and cells. Plaque-purified herpes simplex virus type 1 (HSV-1) McKrae and CV-1 cells were grown as previously described (11, 28) .
Rabbits. New Zealand White male rabbits (approximately 2 kg each) were used for all experiments. These animals develop a primary and recurrent herpetic disease (11) (12) (13) (14) 23) which mimics HSV-1 keratitis in humans.
Latent ganglionic HSV-1 infections. Infections were as previously described (21) . Briefly, rabbits were bilaterally infected without corneal scarification by placing approximately 1 x 105 to 2 x 105 PFU of virus into the conjunctival cul-de-sac, closing the eye, and rubbing gently for 30 s. Acute ocular infection resolved by 10 to 14 days postinoculation. Rabbits surviving after 4 weeks were considered latently infected (11) (12) (13) (14) 23) (26) for sectioning prior to in situ hybridizations.
In situ hybridizations. Fixing, embedding, and cutting sections of trigeminal ganglia were done as described previously (20) . Hybridizations to identify RNA were done as we previously described (21) , except that 32P-labeled (rather than 3H-labeled) probes were used. Slides were exposed to photographic emulsion for 2 to 3 days. Backgrounds were similar to those seen with 3H-labeled restriction fragments as probes (21 SDS for 2 h at 68°C, and 0.lx SSC-0.5% SDS for 30 min at 68°C. The paper was then air dried and exposed to X-ray film (8) . For [-_32p ] ATP was performed as described previously (8) .
RESULTS
In situ hybridization with synthetic oligonucleotides. The HSV-1 genomic restriction fragment BamHI B, is approximately 10,143 nucleotides in length. In mice, the LR gene mapped to a 3-kb PstI-MluI subfragment of BamHI-B (24 Fig. 1 . Negative probes and control slides showed no accumulation of grains over any neurons (Fig. 1A) , while positive probes produced a heavy accumulation of grains (in 0.1 to 10% of neurons) that were too numerous to count and that often obscured the central portion of the cell (Fig. 1B) . We have previously shown that the hybridization seen with DNA probes detects HSV-1 RNA synthesized during latent infection (LR-RNA) (21) .
For simplicity, the numbering system used in the remainder of this report assigns position 1 to the predicted 5' end of the major LR-RNA transcript. This location is approximately 1,210 nucleotides downstream from the 3' end of the mRNA for the ICPO gene (17) and maps at approximately 0.779 m.u. The sequence in this region is ... TC CAGGTAG . . ., with the underlined G located at position 1. The in situ hybridization results are tabulated in Table 1  (for a schematic Fig. 1 . Probes were also tested on trigeminal ganglia from acutely infected rabbits (4 to 7 days postinfection) and uninfected rabbits as controls. Hybridization to sections from acutely infected rabbits was less intense than that to sections from latently infected rabbits, in keeping with there being much less LR-RNA present during acute infections. -.. i . Fine mapping of HSV-1 LR-RNAs by Northern blot hybridization with 32P-labeled synthetic oligonucleotide probes. As described in Materials and Methods, total RNA was isolated from trigeminal ganglia of rabbits latently infected with HSV-1 McKrae, run on a formaldehyde gel by using a wide well, blotted to Hybond paper, cross linked to the paper, and dried. The paper was then cut into strips, and each strip was individually hybridized to a different 32P-labeled oligonucleotide, washed, and exposed to X-ray film. The lanes shown here were derived from several gels. (unpublished data) are identical. In addition, we have found an identical lack of hybridization with these two probes in trigeminal ganglia from latently infected humans (S. L. Wechsler et al., submitted for publication).
Northern blot analysis with genomic restriction fragments. Using Northern blots, we (21) and others (24) have previously shown that there are at least two LR-RNAs coded for by this LR gene. These LR-RNAs have approximate sizes of 2 and 1.3 to 1.5 kb (Fig. 2) . To fine map the location of the LR-RNAs within the BamHI B fragment, we made a series of restriction fragments from BamHI-B. These subfragments were randomly primed, labeled with 32p, and used as probes for Northern blots of RNA isolated from trigeminal ganglia of latently infected rabbits. We have previously shown that probes encompassing this region do not hybridize to RNA from uninfected rabbits (21) .
Probes covering nucleotide positions from -6139 to -175 and 2131 to 4001 did not hybridize to either LR-RNA band (Table 2 ). This was consistent with the in situ results and mapped the ends of both LR-RNAs to within the approximate region between -175 and 2131.
All of the restriction fragments in Table 2 that span part of the region between -175 and 2131 hybridized strongly to the 2-kb LR-RNA band, and all except one also hybridized strongly to the 1.3-to 1.5-kb LR-RNA band (see Fig. 3B and C). This indicates that the main portion of these LR-RNAs maps between these positions. Probe 613 to 837 hybridized only to the 2-kb LR-RNA and not to the 1.3-to 1.5-kb LR-RNA (Fig. 2, lane I) . This suggests that the smaller LR-RNA has a splice in this region. Restriction fragments were made either from the large BamHI B fragment or from subcloned smaller fragments by using the enzymes indicated. Some fragments were purified by several gel purifications and then used directly. Other fragments were subcloned before being used. dLetters in parentheses refer to probes in Fig. 2 and 3 .
Northern blot analysis with synthetic oligonucleotides. In order to map the position of this splice, as well as to more accurately map the 3' and 5' ends of the LR-RNAs, we used selected 20-mers as probes for further Northern blot analyses. Individual 20-mers were labeled and hybridized to total RNA from latently infected rabbits ( Fig. 2 and Table 2 ; also see Fig. 3D and E). In controls from uninfected rabbits, no probes from these regions hybridized to any bands in the vicinity of the LR-RNAs (data not shown).
The 20-mers beginning at -658, -569, -338, and -140 did not show significant hybridization over background to either LR-RNA bands (Fig. 2, lanes A to D, open arrowheads) . The 2-and the 1.3-to 1.5-kb LR-RNA bands appeared to begin near position 1, since both bands hybridized to the 2 to 21 20-mer (Fig. 2, hybridized to the 2-kb LR-RNA band but did not hybridize to the 1.3-to 1.5-kb LR-RNA band (Fig. 2, lanes F, G, and H, and Table 2B ). Combined with the results for the small restriction fragments 613 to 837 (hybridized only to the 2-kb LR-RNA band) and 837 to 1005 (hybridized to both LR-RNA bands) (Fig. 2, lanes I and J, and Fig. 3B and C, probes I and J), these findings indicate that the 1.3-to 1.5-kb LR-RNA had a large intron spliced out starting somewhere between nucleotides 21 and 106 and ending somewhere between nucleotides 837 and 1005.
In agreement with the in situ data, the 1757 and the 1847 20-mers did not hybridize to either LR-RNA band, while the 1897 20-mer hybridized to both. This again indicated that both the 2-kb LR-RNA and the 1. VOL. 62, 1988 probably have an intron removed that includes the region from 1757 to 1847.
DISCUSSION
The LR gene of HSV-1 is transcriptionally active during latency (2, 3, 19, 21, 24, 25) and may therefore play a role in the establishment or maintenance of latency. The major LR gene of HSV-1 partially overlaps the immediate-early gene ICPO (21, 27) . We and others have shown that the LR gene produces at least two LR-RNAs with approximate sizes of 2 and 1.3 to 1.5 kb (21, 24) . These LR-RNAs are complementary (antisense) to ICPO mRNA (2, 21, 25) . This has led to speculation that these LR-RNAs may exert some type of antisense regulation on ICPO, thereby helping to maintain latency (21, 25) .
The sequenc for the 3' end of the LR gene starting from nucleotide position 990 (7129 of BamHI-B) has been published for HSV-1 17 syn+ as part of the sequence for ICPO (which partially overlaps the LR gene) (17) . Additional unpublished sequence information was provided for us from the same lab in the form of the entire sequence for BamHI-B.
We have also sequenced most of the region from -944 to 2193 in strain F (S. L. Wechsler et al., unpublished data). This combined information allowed us to make synthetic oligonucleotides and ensure that they would not crosshybridize with other sequences in the LR gene. It also allowed us to determine important landmark sequences relevant to the LR gene.
The sequence data, the in situ hybridization data, and the Northern blot hybridization data are consistent with each other. Figure 3A to E summarizes the in situ hybridization and the Northern blot hybridization data and indicates some of the potentially important sequence highlights for the LR gene. The upper portion of Fig. 3 shows the approximate m.u. for this region, some enzyme restriction sites as landmarks, and nucleotide positions relative to the 5' end of the LR-RNAs. The location of the 3' end of the ICPO mRNA is shown for further reference. The coding region of the ICP0 mRNA ends at nucleotide 1416.
Predicted LR-RNA structures. The proposed LR-RNA structures are shown schematically in Fig. 3F and G. No significant in situ hybridization or Northern blot hybridization was detected upstream of nucleotide position 1 by using either restriction fragments or synthetic oligonucleotides. In particular, in situ hybridization was not seen when probe -39 to -20 or -20 to -1 was used. In contrast, the oligonucleotide probe 2 to 21 produced strong in situ hybridization and also hybridized strongly to both LR-RNA bands on Northern blots. These results mapped the 5' ends of both LR-RNAs to within a few bases of nucleotide position 1, which we have therefore defined as the 5' end of the larger LR-RNA to maintain consistency with a report published while this manuscript was being completed (27) (Fig. 3D) , suggesting an additional exon. Probes after 2188 did not hybridize to the 2-kb LR-RNA band or to total LR-RNA (Table 1 and 2), suggesting that this LR-RNA ends before 2188. Thus, the 2-kb LR-RNA appeared to have the structure shown for LR-RNA 1 (Fig. 3F) . Analysis of the 1.3-to 1.5-kb LR-RNA band was similar to that for the 2-kb LR-RNA band, except that probes from 106 to 837 did not hybridize to the 1.3-to 1.5-kb LR-RNA band.
The likeliest explanation for the LR-RNA structures is, therefore, that the two LR-RNAs share both their 5' ends (near position 1) and their 3' ends (between 2077 to 2188) and that LR-RNA 2 has one additional intron spliced out (containing the region from 106 to 837).
On the basis of hybridization intensity on Northern blots, we estimate that LR-RNA 1 constitutes 50 to 75% of the total LR-RNA and that LR-RNA 2 constitutes 25 to 50% of the total LR-RNA. The estimated sizes calculated for these two LR-RNAs based on the structures shown in Fig. 3F (Fig. 3F and G) . In fact, in most cases there were multiple potential splice sites and it was not possible to determine which sites were actually used. There are four potential donor splice sites between nucleotides 21 and 106 and nine potential acceptor splice sites between 837 and 1005, any combination of which would lead to the first intron in LR-RNA 2. There are six potential donor splice sites between nucleotides 1697 and 1757, any of which could account for the start of the first intron in LR-RNA 1 (the second intron in LR-RNA 2). However, only one potential acceptor site, at 1856, was present for this intron. This is within the 1847 20-mer and would result in only an 11-base match between the mature LR-RNAs and this negative probe.
Potential additional exons past the proposed 3' end of the LR-RNAs. We have previously reported that a small amount of in situ hybridization (<10% of that detected with BamHI-B probes) can be detected with probes that are within the BamHI SP restriction fragment (21) . BamHI-SP is located just to the right of the BamHI B restriction fragment discussed in this report. Neither the direction of synthesis nor the sequence of the LR-RNA hybridizing to BamHI-SP has been determined. However, we do know that the BamHI-SP LR-RNA is physically separated from the BamHI-B LRRNAs, since the right end of BamHI-B (2188 to 4001) does not hybridize to any LR-RNA. The BamHI-SP LR-RNA could represent an additional minor exon of the BamHI-B LR-RNAs discussed here. There are many potential donor splice sites near the 3' end of the LR gene between 2086 to 2210 that could splice to somewhere within BamHI-SP at a low frequency. There are also several donor splice sites (1697 to 1757) just before the last intron in Fig. 3F that might also result in low-level alternative splicing to within BamHI-SP.
A small fraction of the LR-RNA has been reported to be polyadenylated (19, 24) . However, analysis of the sequence at the proposed 3' end of the LR gene did not reveal any consensus polyadenylation signal. Moreover, no consensus polyadenylation signal could be detected within the entire LR gene or to the end of BamHI-B, nearly 2,000 nucleotides past the 3' end of the LR gene (-1141 to 4001). The reported partial polyadenylation of the BamHI-B LR-RNA could be accounted for if there is a minor exon in BamHI-SP containing a polyadenylation signal. We therefore examined the available sequence data that cover portions of BamHI-SP (9, 17) . No polyadenylation signals were found within 4,400 nucleotides of the nominal 3' end of the LR-RNAs. However, there was a polyadenylation site 21 nucleotides downstream from the 3' end of the immediate-early gene IE175. This is approximately 6,000 to 7,000 nucleotides from the 3' end of the last LR-RNA exon shown in Fig. 3 .
ORFs. Analysis of the genomic sequence for HSV-1 17 syn+ revealed two potential long ORFs: a potential 12kd ORF and a potential 36kd ORF (Fig. 3F). (The designations indicate the approximate size in kilodaltons of the potential proteins coded for by the ORFs.) The initial AUGs for these ORFs are at nucleotides 958 (36kd) and 1028 (12kd). The 12kd ORF was contained within a single exon and was located within the 36kd ORF but in a different reading frame. The predicted 36kd ORF had an intervening intron spliced out (Fig. 3F) . This intron contained an in-frame termination site that would have otherwise terminated the potential protein (as suggested in reference 27 
